The role of fluctuating asymmetry as an indicator of fitness to females in mate choice remains controversial. Previous studies indicated that male medflies with symmetrical supra-fronto-orbital (SFO) bristles achieve relatively high mating success under laboratory conditions. Here we present data from field cage studies of wild collected medflies in Guatemala and Crete, which reveal the same association between fluctuating asymmetry in SFO bristle length and mating success as that seen in the laboratory. The experiments in Crete included males that were missing one or both of their bristles. A comparison of mating success between the three groups indicated that the mere presence of bristles did not exert a major influence. Analysis of attempted courtships suggests that the association between male mating success and FA in bristle length appears to be generated as a result of females being more likely to enter into courtships with symmetrical males, rather than through a rejection of asymmetrical males during or after it. This raises the possibility that the primary stimulus that makes a symmetrical male attractive is acting at too great a distance to depend on symmetry itself. Alternatives might include superior pheromone emissions or the occupation of a prime location within the lek.
INTRODUCTION
Several studies have reported a negative association between fluctuating asymmetry (FA) in a sexually selected trait and male mating success (for examples see Markow & Ricker, 1992; Møller, 1992; Thornhill, 1992) . Some authors have suggested that FA acts as a reliable indicator of male fitness, with symmetrical males signalling to females that they have successfully undergone development and are likely to sire offspring of a similar quality (Møller, 1990; Møller & Pomiankowski, 1993) . This theory requires a heritable component to FA. A recent meta-analysis of studies investigating the heritability of FA measurements claims to have shown an overall significant heritability (Møller & Thornhill, 1997) . However, this analysis attracted an unprecedented level of criticism with several authors casting considerable doubt on the validity of these findings and the general role of FA as an indicator of fitness to females in mate decisions (Houle, 1997; Leamy, 1997; Markow & Clarke, 1997; Palmer & Strobeck, 1997; Whitlock & Fowler, 1997) . In addition, others have cast doubt on the relevance of FA as an indicator of fitness to females and reported no observable effects in manipulation studies. For example, Tomkins & Simmons (1998) altered the level of FA in earwig forceps and found it had no affect on female mate choice. However, they did find that alterations of mean forceps length affected male mating success.
It appears therefore that the relationship between FA and fitness is not quite so clear-cut as was originally thought. Despite a large number of studies supporting a predictive association between FA and fitness, there are others that have yielded equivocal or opposite findings (Owen & McBee, 1991 , cited in Leung & Forbes, 1996 Eggert & Sakaluk, 1994; Goulson et al., 1999; Hardesen, 2000) . A recent multivariate analysis by Carchini et al. (2000) found that although a relationship between FA and fitness existed in the damselfly, Ischnura elegans, it was outweighed by the greater effect of male body size. Supporting these findings, Hunt & Simmons (1997) found no evidence that asymmetry in beetle horns signalled male quality, whilst David et al. (1998) found that although the size of male ornaments in stalk-eyed flies reflected condition, FA did not. It would seem that the exact relationship between FA and fitness remains to be determined.
The male Mediterranean fruit fly (medfly), Ceratitis capitata (Wiedemann) performs a complex courtship ritual that begins with a group of males gathering on host trees to form a lek. Males establish individual territories on the undersides of leaves (Prokopy & Hendrichs, 1979; Arita & Kaneshiro, 1985) . From here they emit pheromones to attract females (Féron, 1962; Arita & Kaneshiro, 1985) . At this stage the pheromone gland, or rectal epithelial sac (Arita & Kaneshiro, 1986) , is erected dorsally. Females land on the upper surface of a male's leaf and must walk to the underside to approach the male. At this point the male performs a courtship ritual, involving at least five main elements (Féron, 1962; Briceño, Ramos & Eberhard, 1996) . When the two flies are about 1 cm apart, the male begins to fan his wings and directs his pheromone gland under his body. After a period of fanning, the male flicks his wings backward and forward as he moves closer and rocks his head from side to side, as a prelude to jumping over the head of the female onto her abdomen, and attempting to mate with her. If the female is unreceptive at any time during courtship, including when a male has attempted a mount, she simply drops away from the leaf and flies off. This courtship sequence provides the female with olfactory, visual and acoustical stimuli (Webb et al., 1983) .
It has been reported that a small number of males gain the majority of matings at medfly leks (Arita & Kaneshiro, 1985; Whittier et al., 1994) , so there is considerable scope for sexual selection to be operating. Furthermore, medflies are sexually dimorphic for several characters that are variable in the male (Féron, 1962) and these, it is thought, could provide the female with a basis for choosing a mate.
A previous study of laboratory-reared medflies from a factory strain (i.e. one that had been mass reared during previous generations in a factory in Guatemala, producing approximately 300 million flies a week for release) revealed that male mating success under laboratory conditions was associated with the symmetry in the length of their supra-fronto-orbital (SFO) bristles (Hunt et al., 1998) . These bristles are large and spatulate. Here we describe the results of two series of fieldcage studies, in Guatemala and Crete. The aim of the study in Guatemala (February 1998) was to determine if the same association between SFO bristle symmetry and mating success was found using wild flies under more natural conditions. Mating success was determined on the basis of whether or not a male was found to be copulating with a female during a 4 or 6-hour period (see Material and methods) . No attempt was made to investigate the outcome of specific courtships, e.g. whether a male was rejected or not before achieving successful copulation. It was therefore unclear at what stage of male-female interaction the selection was operating, and whether by female choice via the rejection of unsuitable males, or by male competition in the form of successful males putting more effort into courtship attempts.
The aim of the study in Crete (May-July 1998) was to follow the outcome of individual courtships to determine whether FA in the length of their SFO bristles would be associated with: (1) tendency to pheromone call, (2) acceptance of courtship by visiting females, or (3) degree of male success in mating. The Crete study also included males that had lost one or both of their bristles, to determine whether extreme (i.e. absolute) asymmetry affected their likelihood of acceptance by a female. As well as considering bristle length, we also investigated the width of the spatulate end of the bristle, and the width and length of the wings.
MATERIAL AND METHODS

THE FLIES
The flies used were collected from the wild as larvae in infested fruit from coffee bushes in two farms in Retalhuleu, Guatemala, and from orange groves in Fodele, Crete. Any larvae present were allowed to develop into pupae which were transferred to cages in which the adults were allowed to eclose. The sexes were separated within 24 h of eclosion and provided with food (yeast and sugar) and water until 10 days old, to ensure that they were all sexually mature. Adults were maintained at 25 ± 2∞C, 60 ± 10% rh with a 12 : 12 h light : dark cycle in an environmentally controlled laboratory.
EXPERIMENTAL PROCEDURE
On the day prior to use, all flies were individually marked with a coloured letter printed on a small piece of paper (a method developed by D. O. McInnis in Hawaii). This was mounted on top of the thorax with a dot of acrylic paint. The flies were returned to their cages until required. Male flies (50 in Guatemala, 20 in Crete) were released into a circular net field cage (2.5 m in height and 3 m in diameter) containing either a coffee bush (Guatemala) or an orange tree (Crete). This was done approximately 2 h after dawn.
The males were allowed 15 min to acclimatize and begin pheromone calling before an equal number of female flies were released into the cage. By this time the males had distributed themselves beneath leaves, mainly near the top of the tree, with one male to a leaf. More than 30 min usually elapsed after the females were introduced before the first of them visited a male. In Guatemala, mating pairs were collected as they formed, and the time at which mating began was noted. In Crete all individual courtships were followed from beginning to end. This required the number of males to be reduced to 20. The observations could then be made accurately by a single observer, bearing in mind the length of time during which the activity continued.
Record was kept of: (1) all females approaching each male, (2) all females engaged in courtship with each male, and (3) all copulations. In Crete, nearly every visit to a male resulted in a courtship attempt. A male was recorded as having made a courtship attempt if he managed to attract a female to his leaf and keep her standing in front of him while he initiated the sequence of wing-fanning, buzzing and head-rocking described above. The time at which each male began to pheromone call was also recorded. This was evident when the pheromone gland was extruded and elevated.
The experiments ceased after 4 or 6 h in Guatemala and Crete, respectively, by which time little, if any, courtship activity was continuing (probably due to the heat of the midday sun). All the flies were removed from the field cage and preserved in alcohol. The wet weight of the flies in Crete was recorded before preservation. The bristles and the wings of the males were dissected and fixed onto microscope slides, and the total length and maximum width of each bristle was measured using VIDS II imaging software. Wing length was measured from the apex to the junction of the leading edge with the thorax and the width of the wing was measured at its widest point (for landmarks see Fig. 1 ). Only flies whose wings were intact were measured. Five replicates of each measurement were made, all by the same observer.
In Guatemala, 250 male flies were used in the trials (five replicates). Of these, 54 were not included in the analysis as they either died or were lost during the course of the experiment, mainly due to predation by ants or spiders, or they had missing bristles. Females were also predated, to approximately the same level. In Crete, 200 male flies were used (ten replicates), of which 27 died or were lost. Nearly 50% of the males used in the experiments in Crete were missing one or both of their bristles, which were lost inside the holding cages prior to the experiment.The holding cages were made of a metal mesh, in contrast to the fabric meshed cages available in Guatemala. By including these males in later analyses it was possible to investigate the effect of bristle loss on mating success.
The mean ambient temperature during the course of the experiments was 25.3∞C in Guatemala (range 16-33∞C) and 26.8∞C in Crete (range 21-32.5∞C). Mean relative humidity values were also similar: 48.9% in Guatemala and 47.5% in Crete.
STATISTICAL ANALYSIS
FA analysis was carried out according to the recommendations of Palmer & Strobeck (1986) , Palmer (1994) and Swaddle, Witter & Cuthill (1994) . The presence of FA was determined by establishing that the between-individual variation in the estimated asymmetry was significantly greater than could be accounted for by measurement error, using a mixed model ANOVA (Palmer & Strobeck, 1986; Palmer, 1994; Swaddle et al., 1994) . The data were tested for the presence of skew and kurtosis, and a KolmogorovSmirnoff goodness of fit test was performed to see if the data were normally distributed, thus ruling out antisymmetry. Using t-tests we checked that the right minus left values [(R-L) in Palmer, 1994 ] had a mean not significantly different from zero, thus ruling out directional asymmetry. Even when normality tests, applied to all data routinely, suggested that the symmetry in bristle width and wing length and wing width might not be FA, the data were still used in the analysis as it is probable that forms of asymmetry other than FA may also reflect an organism's developmental stability and condition, although this idea is somewhat controversial (Graham, Freeman & Emlen, 1993; Markow, 1995; Rowe, Repasky & Palmer, 1997) . Several recent studies have included in their analyses asymmetrical data showing patterns consistent with directional asymmetry or antisymmetry rather than FA (Goulson et al., 1999; Hardesen, 2000) .
To test whether FA was different between mated and unmated flies, F ratio tests were performed on the variance in the signed right minus left trait measurements in both wing and bristle dimensions (FA4 in Palmer, 1994) . Associations between the level of FA and mean bristle length were tested using correlation analysis. The mean percentage of FA in the trait sizes was calculated by dividing the mean (R-L) (absolute right minus left values) by the mean trait size and multiplying by 100.
The FA data were also tested for size dependence, following the recommendations of Palmer (1994) by correlating (R-L) against either body weight or wing length for each sample of flies that mated and those that did not. If body weight had not been recorded, mean wing length was used as a measure of body size. Where a significant correlation was found, values were corrected for size dependence and tested using a scaled asymmetry index (FA6 in Palmer, 1994) . This involves testing the variance in (R-L) divided by mean (R-L) between the two samples under consideration; flies that mated and those that did not. A complete description of these procedures is presented in Palmer (1994) .
The acceptance rate of a male by females was calculated by dividing the number of matings by the number of courtship attempts made by that male. A courtship attempt was defined by whether the male kept the female in front of him face to face, while he initiated the ritual. Relative bristle length was calculated by dividing the mean bristle length by the mean wing length. Logistic regression analysis (SPSS, SPSS Inc., Chicago) was used to determine whether bristle and wing lengths were associated with mating success. Standard logistic regression was used first to test for directional sexual selection and then quadratic logistic regression was used to determine if stabilizing sexual selection was operating. Significance levels were determined by the use of likelihood ratio c 2 tests. The number of mated and unmated males possessing zero, one and two bristles was compared using a c 2 test. The association of time with pheromone calling and acceptance rate with the number of bristles possessed by a male was determined using Kruskal-Wallis tests.
RESULTS
The between-individual variation in bristle length and width, and wing length and width, was larger than the associated measurement errors in both datasets (Table 1 ). In both Guatemala and Crete the signed right minus left values [(R-L) in Palmer, 1994] for bristle length were normally distributed, had means that were not significantly different from zero, and there was no significant skew or kurtosis (Table 1) . However (R-L) in bristle width was not normally distributed in either dataset, and in Guatemala the mean was significantly different from zero (Table 1) . There was significant positive kurtosis in (R-L) values of bristle width in both datasets, and significant positive skew in the Guatemalan flies. In the Guatemalan dataset (R-L) values for wing length were normally distributed, with a mean of zero (Table 1) . (R-L) values for wing width were not normally distributed (Table 1) , and there was negative skew and positive kurtosis in (R-L) values of both wing length and wing width, suggesting that the type of asymmetry being displayed by the wings was not fluctuating, but possibly directional or antisymmetrical.
GUATEMALA
In Guatemala 56% of the male flies mated successfully. Mated males were found to have longer and wider bristles and wider wings than unmated males (Table 2) . However, the differences in bristle dimensions were not significant when corrections were made to allow for variation in male size (for relative bristle length c 2 = 1.586, d.f. = 2, P = 0.208; relative bristle width c 2 = 1.489, d.f. = 2, P = 0.222). No significant correlations were observed between absolute FA, (R-L), and size in either bristle width or wing width in either of the two categories tested, mated or unmated (Table 3) . However, (R-L) in bristle length was positively correlated with size in the group of males that mated (Table 3) . Variance in bristle length symmetry was substantially less in mated males (Fig. 2) , which showed a significantly lower FA4 than unmated males (Table 4) and this relationship remained after correction for size dependence (Table 4) .
Mean bristle FA was 1.86% of mean bristle length compared with 2.26% in the Crete field experiment (see below). No correlation was found between the absolute asymmetries, (R-L), in bristle and wing length (r 196 = -0.072, P = 0.313), nor between mean bristle length and (R-L) in bristle length (F 1,194 = 2.035, P = 0.155). There was no difference in FA4 in wing length between mated and unmated males (Table 4) .
CRETE
In Crete, 52% of 173 males mated. Of the 95 males with two bristles, 75 performed pheromone calling, 61 made at least one courtship attempt, and 51 mated successfully. There were no associations between bristle length and width and mating success (Table 2) . There was no difference in the relative bristle length or width between males that mated and those that did not (relative bristle length, c 2 = 0.027, d.f. = 1, P = 0.870; relative bristle width, c 2 = 0.302, d.f. = 1, P = 0.583). There was also no difference in the wet weight of mated and unmated males (Table 2) .
There were no significant correlations observed between absolute FA in bristle width and male weight in any of the three categories tested (Table 3) . However (R-L) bristle length was positively correlated with weight in the groups of males that mated.
There was significantly less variance in bristle length FA in mated males than unmated flies (Fig. 2) . Although FA4 in mated and unmated males was not quite significantly different (Table 4 ) (F = 1.740, P = 0.056), it became significant (in FA6) after correction for size dependence (Table 4) . There was no significant difference in FA4 in bristle length between males that pheromone called during the course of the experiment and those that did not (F = 1.034, d.f. = 19,74, P = 0.93; for FA6, F = 1.126, P = 0.74). However, males with low bristle length FA4 were more likely to be visited by a female and perform a courtship (F = 2.073, d.f. = 33,60, P = 0.020). There was no association between acceptance rate and mean bristle length (r 61 = -0.087, P = 0.504), relative bristle length (r 61 = -0.054, P = 0.679) or male weight (r 61 = -0.065, P = 0.620).
Overall, the number of bristles possessed by a male was not associated with its mating success (c 2 2 = 0.94, P = 0.62). However, it was associated with its capacity to retain female interest during courtship (c 2 2 = 7.428, P = 0.024, Table 5 ). This effect appeared to occur mainly due to the relatively low acceptance rate of males lacking both bristles. 
DISCUSSION
A previous study under laboratory conditions revealed that male medflies with SFO bristles symmetrical in length were more successful at mating than their asymmetrical counterparts. (Hunt et al., 1998) . Here we show that the same association occurs under field cage conditions at two separate locations, one in Guatemala, the second in Crete. In Guatemala we also find evidence of sexual selection in favour of long bristles, broad bristles and broad wings. In neither locality was an association observed between SFO bristle length and bristle length FA. Hunt et al. (1998) found that laboratory bred males with SFO bristles of intermediate size relative to their body size had a greater mating success than males with bristles either larger or smaller relative to their body size. No such effect was observed in either series of field cage studies. The only consistent evidence of sexual selection was in respect to bristle length FA.
In Crete a large proportion of males lost one or more bristles prior to being used in the experiments. In terms of mating success, males lacking a single bristle suffered less detriment than those lacking both, even though it made them absolutely asymmetrical. Furthermore, females were no more likely to reject the courtship attempts of males possessing only a single bristle. These data suggest that female mate choice does not operate directly on FA in bristle length, but on one or more other factors correlated with fitness. These factors need not be associated with the accidental loss of a bristle. Thus, the discovery of an association between FA and mating success should not always lead to the conclusion that females are choosing to mate with symmetrical males because of a direct appraisal of the character itself.
An indirect effect of SFO bristle length FA agrees with the findings of Mendez, Briceño & Eberhard (1998) who concluded that neither the position of the bristles on the head nor the behaviour of males during courtship supports the idea that females assess the length or the shape of the bristle directly. Females are probably unable to assess the symmetry in male bristles with a necessary degree of accuracy. An important issue for the female in making such an assessment would be the degree of difference between right and left. With respect to SFO bristles, we measured this to be 1.86% of the mean bristle length in Guatemala, and 2.26% in Crete, compared with 3.69% in the earlier laboratory study (Hunt et al., 1998) . In this connection, Swaddle (1999) recently found that starlings were unable to discriminate asymmetrical stimuli of less than 1.8% from symmetrical patterns.
It was clear from following individual courtships in Crete of males with two bristles, that the association between bristle length FA and mating success did not occur as a result of non-random acceptance of males during courtships. Bristle length FA was, however, associated with a female being attracted towards a courting male. It was clear that the selection process in favour of symmetrical males occurred before the courtship stage, with females in Crete being more likely to alight on a leaf occupied by a symmetrical Guatemala -mated males male and observe its courtship behaviour. The question concerns the factors attracting females to visit leaves occupied by symmetrical males. Possibilities include a better quality pheromone or occupation of a prime location within the lek.
The function of SFO bristles is not known. One possibility is that they act as a species recognition signal (Hunt et al., 1998) . Some other species within the genus Ceratitis also possess such bristles, and there is considerable variation in the structure and colour of these bristles between species (White & Elson-Harris, 1992) .
FA in wing length and width was studied in Guatemala but not in Crete due to extensive wing damage. No effect on mating success was found, in spite of the importance of wing movement in male courtship. Our results are in contrast to a recent study in Israel, which revealed that males with symmetrical wings were more successful (S. A. Field & B. Yuval, unpubl. data) . A possible explanation for the lack of an effect of wing length symmetry in one study but not another could be connected with the fact that the type of wing measures used in these studies was slightly different. It may also be noted that in the Guatemala study, males successful in mating had significantly wider wings than unmated flies. Hence, despite differences between studies, there is some support for the conclusion that wing morphology plays a role in courtship. Its significance, and whether the effect is visual, auditory (in producing sound) or mechanical (dispersing pheromones), has yet to be determined.
We found no difference in weight between mated and unmated males. In this respect we agreed with Arita & Kaneshiro (1988) and Whittier et al. (1992) but disagreed with Churchill et al. (1986) who found that large laboratory males had higher mating success than small ones. Orozco & Lopez (1990) reported from a field study that body size was of little importance, but still found that almost half of matings in a trial of sterile, laboratory-reared males were by larger males. More recently, Blay & Yuval (1997) found that males deprived of protein, which are consequently smaller, had a lower mating success and began to mate later than protein-fed males. In a follow-up study, Yuval et al. (1998) looked at the effect of size, due to variation in protein feeding, on males' participation in a lek. They found no significant size difference between calling and resting males. Males of all sizes participated in the leks, although the calling males contained more proteins and sugars. The relationship between nutritional status and mating success seems an important matter for further investigation.
In our studies, both in the laboratory (Hunt et al., 1998) and in the two field experiments reported here, the one consistent correlation with mating success has been bristle length FA. Even so, the relationship is not straightforward. In this paper we have presented evidence that females do not choose their mates directly on the basis of bristle length FA. The factor that generates associations between FA and mating success has yet to be determined.
